The Arabidopsis thaliana compact inflorescence (cif) genotype causes altered adult vegetative development and a reduction in elongation of inflorescence internodes resulting in formation of floral clusters. The cif trait requires both a recessive mutation, cif1, and the activity of a naturally-occurring dominant allele of an unlinked gene, CIF2 D . We show here that the pseudoverticillata (psv) mutation is allelic with cif1 and that the product of the CIF1 gene is ACA10, a member of the large family of P-type Ca 2+ ATPases found in higher plants. This suggests that these two Ca 2+ pump genes have distinct but related activities and that their differential functions can be altered by relatively small changes in their patterns or levels of expression. The correspondence between cif1 and mutations in ACA10 establishes a genetic link between calcium transport, vegetative phase change, and inflorescence architecture.
INTRODUCTION
Regulatory pathways that control cell growth and division in response to developmental transitions are critical to producing the often conspicuous structural changes that occur as plants progress through their life cycles. Development of the plant shoot results from activity of the shoot apical meristem (SAM), a highly organized group of dividing and differentiating cells at the shoot tip, and occurs by reiterative formation of phytomers, which consist of a node bearing a lateral organ such as a leaf, a stem segment or internode, and one or more axillary meristems.
The activities of meristems, the determinacy or indeterminacy of those groups of cells, and the patterning and expansion growth of individual organs determine plant architectures (Sussex and Kerk, 2001; McSteen and Leyser, 2005) . Internode elongation is often an important developmentally-controlled component of plant architecture. For example, vegetative growth in Arabidopsis, which is characterized by production of large leaves and repressed axillary meristem development, is accompanied by little or no internode elongation and results in formation of a compact rosette. At the initiation of flowering, conversion of the SAM to an inflorescence meristem derepresses axillary meristem outgrowth and activates extensive internode elongation, resulting in an aerial branched inflorescence architecture. Variation in the number and pattern of plant inflorescence branches and in the elongation of inflorescence internodes produces much of the diversity of inflorescence morphologies observed in flowering plants (Weberling, 1989) .
Development of the post-embryonic plant shoot occurs in three phases: juvenile vegetative, adult vegetative, and reproductive (Poethig, 2003) . Juvenile and adult vegetative identities are characterized by the absence and presence, respectively, of competence to initiate reproductive phase and, in Arabidopsis, by distinctive rosette leaf morphologies (Telfer et al., 1997) . Reproductive phase is characterized by production of flowers and formation of a branched elongated inflorescence. Several Arabidopsis genes have been implicated in control of internode growth, based largely upon their effects on elongation of the inflorescence. Loss-offunction mutations in the ERECTA (ER) gene result in reduced inflorescence internode elongation and shortened aerial organs including flowers, pedicels, and siliques (Torii et al., 1996) . ERECTA encodes an LRR-receptor-like kinase which is highly expressed in the SAM and in developing lateral organs (Yokoyama et al., 1998) . BREVIPEDICELLUS (BP) and PENNYWISE (PNY) encode, respectively, KNOTTED1-like (KNOX) and homeobox proteins that physically interact with each other, show a synergistic effect on inflorescence internode patterning and elongation, and are expressed in a discrete domain of the inflorescence meristem (Douglas et al., 2002; Venglat et al., 2002; Smith and Hake, 2003; Bhatt et al., 2004; Kanrar et al., 2006) . ACAULIS5, one of two Arabidopsis spermine synthase genes, is highly expressed in stem internodes and loss of function mutations in this gene result in dramatically shortened inflorescence internodes and premature arrest of the inflorescence meristem (Hanzawa et al., 1997; Hanzawa et al., 2000) . The extent to which these different genes and gene products interact with each other in regulating stem elongation growth has not been extensively assessed, although a wild-type ER gene partially suppresses the bp phenotype (Douglas et al., 2002) .
The Arabidopsis compact inflorescence (cif) mutant shows a severe lack of elongation of inflorescence internodes, resulting in the formation of tightly bunched clusters of flowers either at the ends of very short inflorescence shoots or within the center of the rosette (Goosey and Sharrock, 2001 ). The mutant phenotype includes slight reductions in elongation of pedicels and expansion of cauline leaves, but floral development is normal. Under most growth conditions, vegetative development of cif is indistinguishable from wild-type. However, when grown under long days of fluorescent light, the adult vegetative leaves, but not the juvenile leaves, of the cif rosette show markedly reduced expansion. This suggests that regulatory pathways involving the CIF genes are activated at the juvenile-to-adult vegetative phase change and function to control cell division and expansion from that phase transition up to the point of floral meristem development. The cif phenotype is inherited as a two-gene trait requiring homozygosity for a recessive allele, cif1, and either heterozygosity or homozygosity for a naturally-occurring dominant modifier gene, CIF2 D (Goosey and Sharrock, 2001 /calmodulin or inhibited, at least in some cases, through phosphorylation by CDPK (Harper et al., 1998; Hwang et al., 2000) . The ACA proteins cluster into four related groups based upon sequence similarity (Baxter et al., 2003) and members of these clusters localize to different cellular membranes (Huang et al., 1993; Harper et al., 1998; Bonza et al., 2000; Geisler et al., 2000) . ACA8 and ACA9 have been shown to localize predominantly to the plasma membrane (Bonza et al., 2000; Schiott et al., 2004) . The function of only one of the P-type Ca 2+ ATPases is known; mutations in the ACA9 gene cause defects in pollen tube growth and partial male sterility (Schiott et al., 2004) . Here, we present evidence that the recessive cif1 mutations are lesions in the ACA10 gene. In addition,
we show that mutations in the highly related ACA8 and ACA9 genes do not cause cif phenotypes when combined with the dominant CIF2 D modifier allele. This demonstrates a unique function for the ACA10 Ca 2+ pump in regulating plant elongation growth during the adult vegetative growth phase and in determining key aspects of inflorescence structure.
RESULTS
The cif1 mutation is associated with a region of reduced recombination. Figure S1 ).
pseudoverticillata is an allele of cif1 and requires the activity of a CIF2 D modifier allele.
The Arabidopsis pseudoverticillata (psv) mutant, which was isolated in a screen for methyl nitrosourea-induced morphological mutants in the ecotype S96, was described as having a clustered inflorescence (Relichova, 1976) . Figure 1A shows that the cif and psv mutants produce (Goosey and Sharrock, 2001) . Unlike the recessive cif1-1 mutation, which showed linkage to markers at the bottom of chromosome 1, the cif1-2 mutation showed linkage to markers on the top arm of chromosome 4.
Subsequent reanalysis of the original No-0 cif1-1 X Col mapping population using these chromosome 4 markers showed tight linkage of these chromosome 4 sequences to both the cif phenotype and also to chromosome 1 molecular markers. These anomalous linkage relationships Figure 2B shows that primers flanking the region of the ACA10 gene from exon #28 to exon #30 amplify the expected 214 bp product from WT or cif1-2 cDNA, corresponding to correctly processed ACA10 mRNA, but they amplify two bands of altered size from cif1-1 cDNA. Sequencing of the upper cif1-1 RT-PCR band shows that it contains the 23-bp deletion and retains the 110-bp intron # 28, producing an insertion/deletion derivative of the ACA10 protein that regains the correct reading frame at Trp945 (Figure 2A) . Sequencing of the lower cif1-1 band shows that intron #28 is correctly processed from this fraction of the cif1-1 mRNA but this mRNA contains the 23-bp deletion, which alters the reading frame so that a stop codon is encountered after the inclusion of 32 incorrect residues. Hence, the cif1-1 allele results in production of some level of both a C-terminally truncated ACA10 protein and an insertion/deletion variant of the protein. Figure 2B shows that primers flanking ACA10 intron #5, which contains the point mutation found in cif1-2 (psv), amplify the expected 217 bp product from wild-type or cif1-1 cDNA, which corresponds to processed ACA10 mRNA lacking the intron, but they amplify a 324 bp product from cif1-2 cDNA. This band was sequenced and found to retain intron #5 with the G-to-A transition as the first base, generating an in-frame stop codon five codons into the intron (Figure 2A) . Therefore, the cif1-2 mutation is likely an aca10 null allele.
To confirm the identity of ACA10 as the CIF1 gene, a 9.3 kb DNA fragment containing the wild-type allele of ACA10 was transformed into cif1-1 plants. Figure 1 (B,C) shows that Figure 3C ). Two aca8 T-DNA alleles were analyzed: aca8-1, which is inserted 35 bp downstream of the ATG in the first coding sequence exon, and aca8-2, which is inserted in the twenty-fifth coding sequence exon with borders at 5101 bp and 5112 bp. In RT-PCR analysis of RNA isolated from the aca8-1 mutant line, low levels of ACA8 transcript sequences from downstream of the insertion site were detected (data not shown). This indicates that transcription of the 3' end of the ACA8 coding sequence, beginning downstream of nucleotide +35, may occur in this line, perhaps initiated from an internal T-DNA promoter. The aca8-2 mutation blocks transcription of mRNA sequences downstream of the T-DNA insertion site ( Figure 3C ) and RNA blot analysis confirms the absence of full-length ACA8 transcript in this line ( Figure 3D ). In the experiments described below, both the aca8-1 and aca8-2 mutations were analyzed and gave the same results, but only data for the presumptive null aca8-2 are presented. Table I and Supplemental Figure S2 show that, in the Ws genetic background, the aca8, aca9, and aca10 T-DNA mutants all lack an adult phase leaf expansion phenotype, flower at the same time as WT, and have raceme inflorescences very similar to Ws WT plants. 
, and aca9-1/aca9-1 CIF2
segregants showed wild-type adult vegetative and inflorescence development phenotypes. Figure 3E ,F and Table I present the analysis of representative F 3 progeny from these crosses.
These results demonstrate that, among the mutations in these three highly related Ca Figures 4A and 4B show that the ACA10 mRNA is present at levels varying less than two-fold at these stages of vegetative development in both wild-type and mutant plants. Schiott et al. (2004) showed that the ACA9 transcript is present almost exclusively in pollen and, consistent with this, no signal for the ACA9 mRNA was detected on RNA blots of vegetative tissues (unpublished data). However, Northern blot and qRT-PCR analyses show that, like the ACA10 mRNA, the ACA8 mRNA is expressed evenly over the course of seedling, juvenile, and adult vegetative development and at a level very similar to that of the ACA10 transcript ( Figure 4A ,B).
To further assess the expression patterns of the ACA10 and ACA8 genes, and the possible effect of the CIF2 gene or the cif1 genotype on those patterns, the promoter regions from these genes were transcriptionally fused to the GUS coding sequence and introduced into No-0 WT nor the presence or absence of an aca10 mutation has a strong effect on these ACA promoter expression patterns. In the cif1-1(ACA10:GUS) and cif1-1(ACA8:GUS) lines, the one or two elongated inflorescence internodes subtending the floral clusters show low GUS staining, like the elongated internodes of the wild-type lines. However, in the floral clusters, although individual internodes are not distinguishable, the point from which pedicels originate in those clusters stains darkly for GUS activity ( Figure 5G ), consistent with relatively strong expression of these genes in unexpanded inflorescence internodes. The expression patterns determined here for the ACA10 and ACA8 genes are in agreement with those obtained from microarray data sets presented in Genevestigator (http://www.genevestigator.ethz.ch).
Over-expression of ACA8 can complement the cif1 mutation. Although the ACA8 and ACA10 mRNAs encode related proteins and are expressed in very similar patterns, only aca10 mutations cause the cif phenotype when combined with the CIF2 D:No-0 modifier gene ( Figure 3D ). This suggests either that the two Ca 2+ pumps have diverged in function at the protein level, or that there are aspects of the regulation of the genes, not apparent in RNA quantification or GUS fusion analyses, that underlie their functions. To determine whether the differential functions of ACA8 and ACA10 can be specifically attributed to their transcription regulatory regions or to their protein coding regions, transgenes were constructed in which the genomic coding sequences for the ACA8 and ACA10 proteins were fused to the ACA8 and ACA10 promoters at their ATG start codons ( Figure 6A ). In all cases, the same 5' upstream promoter sequences were used to make these constructs as the ACA10:GUS and ACA8:GUS fusion genes analyzed in Figure 5 (see Materials and Methods). The P 10 -10, P 10 -8, P 8 -10, and P 8 -8 genes were introduced into cif1-1 host plants and multiple independent transgenic lines that segregated as single insertion events in the T 2 generation were isolated for each construct. and ACA8 genes. Table I gives flowering time and inflorescence morphology data for representative homozygous T 3 lines containing each construct. As expected, the P 10 -10 gene complements the cif1 phenotype in the T 1 and subsequent T 2 and T 3 generations (Table I ). The interchangeable. This is similar to the observed ability of a P 9 -8 transgene to complement the aca9 reduced fertility phenotype (Schiott et al, 2004) and confirms that all three of these genes likely encode plasma membrane-localized pumps with similar Ca 2+ transporting activities.
Surprisingly, the P 8 -10 and P 8 -8 transgenes were also found to be capable of complementing the cif phenotype in homozygous T 3 lines. Initial T 1 plants carrying these transgenes were observed to be variable for the phenotype, with some elongated inflorescence stems and some floral clusters, but all cif1-1(P 8 -8) and cif1-1(P 8 -10) lines bred to homozygosity in the T 2 and T 3 generations were strongly complemented (Table I ). This indicates that, when incorporated in transgenes, both the ACA10 and ACA8 promoter regions are capable of producing a Ca 2+ ATPase expression pattern needed to complement the cif phenotype. To further investigate this, the level of total ACA8 and ACA10 mRNA present in several of each of the complemented T 3 transgenic lines was determined by qRT-PCR. Figure 6C shows that the P 10 -10 and P 8 -10 lines contain total amounts of ACA10 transcript, including both the endogenous mutant transcript and the transgene product, that is from 1.5 to 7-fold over that of the control lines. The P 10 -8 and P 8 -8 lines over-express the ACA8 mRNA from 6 to 15-fold relative to the endogenous ACA8 gene. Figure S2 ). Therefore, in a genetic background homozygous for a recessive CIF2 allele, there is no requirement for either the ACA10 or ACA8 Ca 2+ pump to mediate CIF signaling and functional redundancy of the ACA8 and ACA10 genes likely does not explain their respective activities in regulating inflorescence internode elongation. involve signaling pathways that trigger Ca 2+ movement across the plasma membrane and, in the absence of the ACA10 pump, the cif mutant has abnormal cellular Ca 2+ dynamics that specifically affect these programs. (Harper et al., 1998; Geisler et al., 2000; Hwang et al., 2000) . We have shown that introduction of a transgene containing any combination of the ACA8 or ACA10
DISCUSSION

Diversity of regulatory function among plant Ca
promoters and coding regions can complement the cif phenotype. For unknown reasons, these P 10 -10, P 10 -8, P 8 -10, and P 8 -8 transgenes drive over-expression of the transgene-encoded identification of CIF2 and characterization of its polymorphic alleles, will advance our understanding of this novel role for Ca 2+ ion transport in plant development.
MATERIALS AND METHODS
Plant materials, growth conditions and histochemical assays.
The Arabidopsis thaliana compact inflorescence (cif) mutant has been described (Goosey and , 1996) . Two aca8 lines (aca8-1 = JHss106, with a kanamycin resistance marker; and aca8-2 = JHss107, with a basta-resistance marker), one aca10 line (aca10-1 = JHss110, with a kanamycin resistance marker), and the previously described aca9-1 line (Schiott et al., 2004) were used. Plant lines homozygous for the T-DNA insertions were identified by the inability to amplify a WT band using primers from the respective genes flanking the inserts. T-DNA border fragments were amplified and sequenced for each insertion to verify the site of insertion. Histochemical GUS assays were performed as described (Goosey and Sharrock, 2001) . Pollen staining was performed with malachite green-fuschin-orange G (Alexander, 1969) .
Genetic markers and mapping.
For mapping the cif1-1 and cif1-2 mutations, Ler/Col SSLP or insertion/deletion DNA markers from the Monsanto Arabidopsis Polymorphism and Ler Sequence Collections (Jander et al.,
2002) were screened to identify those that are also polymorphic between Col and the No-0 and/or S96 ecotypes. Supplemental Table S1 contains the sequences of PCR primers used to detect mutations and T-DNA insertions in various mutant lines. The cif1-1 mutation was detected in crosses and in transgenic lines by PCR amplification with primers LG593F and
LG593R. The aca10-1 T-DNA mutation was followed by PCR using a mixture of primers 346, 347, and 348. The aca9-1 T-DNA mutation was followed by PCR using a mixture of primers 346, 349, and 350. The aca8-2 T-DNA mutation was followed by PCR using a mixture of primers 346, 500, and 501. Construction of ACA8 and ACA10 transgenes and plant transformation.
All Agrobacterium transformation plasmids were constructed as derivatives of pBI101.1 and confer kanamycin resistance (Jefferson et al., 1987) . A 9.3 kb DNA fragment containing the wild-type allele of ACA10, extending from 1460 bp upstream of the ATG to 275 bp downstream of the TAA stop codon, was PCR amplified from Col WT genomic DNA and cloned to create pBI-ACA10. To construct the P 10 -10, P 10 -8, P 8 -10, and P 8 -8 transgenes, the ACA8 and ACA10 coding regions, beginning at the start codons and including the introns, and the ACA8 and ACA10 promoter regions (2700 bp and 1460 bp) were PCR amplified from Col WT genomic DNA with restriction sites inserted at their ATG start codons. The various transgene fusion constructs were assembled and transformed into cif1-1 host plants by the floral dip method (Clough and Bent, 1998). ACA8:GUS and ACA10:GUS transgenes were constructed by inserting the promoter fragments described above in front of the GUS coding sequence in the pBI101.1 vector. These GUS fusion genes were transformed into No-0 WT, Col WT, and cif1-1 host plants by the floral dip method.
RNA isolation, RNA blots, and RT-PCR analyses.
Total RNA for Northern blot analysis was isolated from seven day-old light-grown seedlings juvenile rosette leaves, and adult rosette leaves of No-0 WT and cif1-1 plants as described (Clack et al., 1994) . Poly(A)-enriched RNA was selected using an Oligotex Maxi Kit (Qiagen, Valencia, CA). Hybridization probes were derived from non-conserved regions of the 5' ends of the ACA8 and ACA10 cDNA sequences delimited by primer pairs 384/385 and LG592F/LG592R (Supplemental Table S1 ). Samples containing 1 ug of poly(A)-selected RNA were separated on agarose-formaldehyde gels, blotted, and hybridized as described (Clack et al., 1994) . Total RNA for RT-PCR was isolated using an RNeasy kit (Qiagen, Valencia, CA). Samples containing 1.1 ug of total RNA were digested with RQ1 DNase I (Promega) and oligo-dT-primed cDNA was synthesized using Superscript RNase H-reverse transcriptase (Invitrogen, California). RT-PCR analysis of the aca10-1 and aca10-2 transcripts was performed with primer pairs
LG589F/LG589R, which amplify from ACA10 exon 28 to exon 30, and LG588F /LG588R, which amplify from ACA10 exon 5 to exon 6. RT-PCR analysis of ACA10 and ACA8 transcript levels in T-DNA lines was performed using primer pairs LG589F/LG589R and 461/462, respectively. RT-PCR analysis of lines containing chimeric transgenes utilized primer sets that distinguish the WT ACA10 and mutant cif1-1 mRNAs (LG589F/LG589R), detect total ACA8 mRNA (395/395), or detect only the mRNAs produced from the chimeric P 10 -8 (412/413) or P 8 -10 (579/580) transgenes. Real-time qRT-PCR was performed in 25 ul reactions using 2 X SYBR Green PCR master mix (Applied Biosystems, CA) and a Rotorgene 3200 thermocycler (Corbett Life Science, Sydney, Australia). Samples of cDNA were synthesized from total RNA as described above. Primer pairs q468/q469, q464/q465, and q551/q552 were used to quantify the ACA8, ACA10, and UBQ10 cDNAs, respectively. The thermal profile was: 95°C for 10 min followed by 40 cycles of 95°C for 20 s, 55°C for 20 s, 72°C for 20 s. Data were analyzed using Rotor-gene version 5.0.61 software (Corbett Life Science, Sydney, Australia). A relative calibrator standard curve was generated for each primer pair in each experiment from a control wild-type seedling cDNA sample. The expression level of the ACA8 or ACA10 transcript in each cDNA sample assayed was calculated based on the standard curve for that primer pair and was subsequently normalized to that of the control UBQ10 transcript for that sample. Each experiment was repeated twice with independent biological samples and each sample was represented in triplicate in each experiment.
Phylogenetic analysis.
Protein sequences were aligned using Clustal (Chenna et al., 2003) and a branch and bound parsimony search was performed using PAUP* (Swofford, 2002) . Bootstrap analysis implementing the branch and bound search option and a random addition of terminal taxa for each of 2000 bootstrap replicates was performed. Table I . B, Samples of cDNA from homozygous T 3 transgenic lines were assayed for expression of endogenous and transgene- 
